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introduction 


The  objective  of  this  report  was  to  investigate  the  efFect  of  high  heating  rates  on  a  97  2%  W 
alloy,  and  compare  the  experimental  results  to  the  Johnson-Cook  (J+C)  [1]  material  model.  Rapid 
heating,  high  temperatures,  and  triaxial  stress  states  are  experienced  by  all  materials  involved  in  the  armor 
penetration  process  Laboratory  experiments  are  conducted  to  gain  an  understanding  of  how  a  material 
responds  to  these  types  of  conditions  These  experiments  provide  information  on  target  failure  and 
ballistic  performance  of  the  materials  involved  (i  e.,  V50  and  Depth  of  Penetration  data  [2])  Ballistic  test 
results  do  not  yield  mechanical  properties  of  armor/anti -armor  materials  This  mechanical  property  data 
is  required  for  conducting  computer  simulations  of  these  ballistic  events.  The  data  can  only  be  acquired 
from  controlled  laboratory  experiments  (ie  tension,  compression  and  torsion  tests).  These  experiments 
measure  the  mechanical  responses  such  as  load  and  deformation  which  can  change  with  various  loading 
rates,  temperatures,  and  heating  rates.  The  experimental  results  are  used  to  gain  an  understanding  of  a 
material's  behavior,  and  obtain  constants  for  mathematical  material  models  used  in  computer  simulations 
of  an  event.  Most  experimental  data  is  acquired  at  strain  rates  between  10'^  s‘^  and  10,000  s*^  and  at 
various  isothermal  temperatures  up  to  the  materials  melting  point  Investigators  have  researched  the 
affect  heating  rate  has  on  a  material's  properties  and  observed  that  the  rate  of  heating  can  alter  a  materials 
stress  strain  relation  [31,  [4].  These  observations  have  never  been  incorporated  into  a  matenal  model,  and 
the  role  heating  rate  has  on  materials  involved  in  armor/anti-armor  interactions  have  never  been 
considered  in  computer  simulations.  Since  the  material  model  dose  not  include  the  high  heating  rate 
effect,  the  engineer  must  adjust  the  model's  constants  to  force  the  simulation  to  agree  with  the  real  event 
( i  e.,  ballistic  penetration  simulation).  Therefore  a  material  model  that  includes  the  heating  rate  effect 
should  provide  more  accurate  simulations  of  events  that  combine  rapid  heating  and  high  temperatures 

To  determine  if  heating  rate  alters  the  stress  strain  relation  of  the  W  alloy  a  series  of  high 
temperature  and  heating  rate  experiments  were  conducted.  The  W  alloy  specimens  were  heated  and 
tested  at  temperatures  between  25°C  to  1097°C,  and  heating  rates  of  5  4°C/sec,  and  536°C/sec,  also 
isothermal  experiments  were  conducted  to  provide  a  baseline  condition  that  the  heating  rate  expenments 
could  be  compared  to  Room  temperature  tension  specimens  were  loaded  to  failure  at  strain  rates  of  10~* 
s  •,  10‘2  s"',  and  5  s''.The  high  heating  rate  test  process  consisted  of  the  following,  immediately  upon 
achieving  test  temperature  the  specimen  was  then  loaded  in  tension  to  failure  at  a  strain  rate  of  5  s'^  For 
ihc  isotheiTnal  test  the  specimen  was  held  at  test  temperature  for  5  minutes  before  loading  to  failure  at  a 
strain  rate  of  5  s' L  The  data  acquired  from  measurements  of  load,  strain,  temperature  and  time  were  used 
to  generate  stress  strain  relations  at  different  heating  rates,  strain  rates  and  temperatures 

To  mode!  the  W  alloy  stress-strain  results  the  (J+C)  material  model  was  choosen  This  is  an 
uncoupled  model,  therefore  any  necessary'  rnodification  can  be  easily  accomplished.  The  J+C  model's 
constants  for  the  W  alloy  were  obtained  from  the  room  temperature  and  high  temperature  isothermal 
experimental  results  The  J+C  mode'  does  not  have  a  term  that  accounts  for  changes  in  stress  magnitude 
dun  to  the  rate  of  matenal  heating  Therefore  it  became  necessary  to  modify  the  J+C  model  A  modified 
Johnson-Cook  (MI+C)  nnaterial  model  was  proposed  that  included  the  effect  of  heating  rate  This  MJ+C 
model  has  in  additional  term  with  one  additional  constant  The  additional  term  is  a  logrithmic  function 


that  will  increase  the  magnitude  of  stress  with  increasing  heating  rate.  The  constant  for  this  term  is  "G", 
and  was  determined  based  on  the  high  heating  rate  experimental  results. 


Material  and  Specimen  Design 

The  specimens  tested  were  made  of  a  97.2%  W  alloy  This  heavy  metal  alloy  was  manufactured 
by  Kennametal,  the  manufacturer’s  name  is  W2.  Its  large  weight-to-volume  ratio  make  it  an  ideal 
candidate  material  for  static  and  dynamic  applications  (i  e.  perpetrators,  and  shape  charge  liners).  The  W 
alloy  is  a  powder  metallu*‘gy  product  of  tungsten,  nickel,  and  iron.  The  chemical  composition, 
mechanical  and  electrical  properties  are  listed  in  Tables  1  and  2,  respectively 


Table  1.  Chemical  Comnosition  of  97.2%  W  Alloy 

Material  W _ Ni _ Fe  Cu  Co 

W2  97  2%  1.5%  0.7%  0.5%  0  1% 


Table  2.  Mechanical  and  Electrical  Properties  of  97.2%  W  Heavy  Metal  Alloy 


Tensile  Strength  (MPa) 

827.4 

Yield  Strength  (0.2%  OtTset) 

♦ 

Modulus  of  Elasticity  (GPa) 

358.5 

Elongation  (%) 

9 

Poisson's  Ratio 

0.27 

Hardness  (Rockwell  C) 

27  to  32 

Density  (g/cc) 

18.5 

Electrical  Conductivity,  %  lACS 

31.0 

Electrical  Resistivity,  ohms-m 

5.5x10-8 

Permeability 

1  X  10-6 

Total  Emissivity  at  1500  C 

0  23 

♦  Not  available  from  manufacturer’s  data  sheets 


A  modified  button  head  specimen  was  employed  The  angle  of  specimen’s  bearing  surface  was 
changed  from  15°  to  70°  relative  to  centerline,  and  the  outside  diameter  of  button  head  was  increased 
from  1.27  cm  to  2  54  cm.  This  larger  bearing  surface  was  necessary  to  keep  button  head  from  plastically 
deforming  at  high  temperatures.  The  specimen  gage  section  dimensions  are  the  same  as  standard  button 
head  specimen.  The  diameter  of  specimen’s  gage  length  was  chosen  to  eliminate  the  possibility  of  skin 
effects  during  heating.  The  heating  apparatus,  fixtures  and  specimen  were  designed  to  give  uniform 
heating  of  the  specimen,  for  a  more  detailed  explanation  see  Reference  2. 
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Experimental  Procedure 


All  specimens  were  tested  in  tension.  The  test  were  conducted  at  three  temperatures,  thiee  strain 
rates,  and  three  heating  rate  conditions  in  accordance  to  Table  3  This  test  plan  provided  a  set  of  data 
that  clearly  displays  the  affect  that  temperature,  strain  rs.e,  and  heating  rate  have  on  the  tungsten  alloy 


Table  3  97  2%  W  alloy  Test  Matrix 


Test  Temperature 
(°C) 

Strain  Rate 
(s'*) 

Heating  Rale 
;°C/sec) 

Number  of  Tests 

25 

10-' 

isothermal 

4 

25 

10-2 

isothermal 

4 

25 

5 

.sothermal 

4 

727 

5 

isothermal 

1 

727 

5 

5  4 

“/ 

727 

5 

5.36 

2 

1097 

5 

2 

Specimen  testing  was  conducted  in  the  Medium  Strc-n  Rate  Machine  (MSP.M),  at  strain  rates  of 
10“^  s‘*>  10'2  s'^  and  5  s**.  The  MSRM  machine  has  tAO operating  modci  the  clofsd  lrx)p  mode  and 
the  open  loop  mode.  In  the  closed  loop  mode,  the  MSRM  behaves  like  a  typical  scrvo-hydiaulic 
controlled  test  machine  A  strain/load/dcsplacement  rate  up  »o  1  sec‘^  can  be  achieved  in  closed  loop 
mode.  In  the  open  loop  mode,  the  hydraulic  iluid  is  replaced  by  nitrogen,  gas  A  fast-acting  valve  is  u.sed 
to  release  the  gas  from  the  top  or  bottom  of  an  actuating  f  iston  creaiing  a  pressiue  differential  which 
moves  the  piston  The  loading  rate  in  the  open  loop  n.ode  is  controlled  by  the  gas  pressure,  piston 
stroke,  and  fast  acting  valve  orifice  si^e,  strain  rates  up  to  50  s*'  can  be  achieved  A  computer  and  a 
.digital  oscilloscope  were  used  to  control  the  MSRM  and  record  the  data 

The  heating  apparatus  utilized  resistance  heating  This  method  involves  passing  ciiiTent  through 
the  specimen,  and  the  specimen's  resistance  converts  the  current  to  heat  The  apparatus  consists  of  a 
Variac  auto  transformer  which  controls  the  power  output  of  the  apparatus.  A  step  down  transfortner 
converted  low  current  high  voltago  to  high  current  low  voltage  A  schematic  of  heating  apparatus  is 
shown  in  Figure  1 

The  high  voltage  on/off  relay  operation  is  controlled  by  the  computer's  digital  input/output 
signals  The  system  is  actuated  by  a  command  in  the  test  program  to  trigger  the  relay  and  allow  the 
current  to  flow  through  the  specimen.  The  desired  heating  rate  for  a  particular  specimen  geometry  and 
material  can  be  obtained  by  adjusting  the  voltage  and  measuring  the  temperature  and  time  history 
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Figure  1.  Schematic  of  high  heating  rate  apparatus. 

The  specimen  temperature  was  measured  with  a  pyrometer  that  had  a  response  time  of  5 
milliseconds  and  linear  temperature  response  between  the  temperatures  460®C  to  1650®C.  The 
pyr<»neter  was  calibrated  by  placing  a  97.2%  W  specimen  in  a  inert  atmosphere  with  a  type  K 
thermocouple  attached.  The  pyrometer  was  focused  on  the  specimen  as  it  was  slowly  heated.  The 
output  from  pyrometer  was  calibrated  with  output  from  thermocouple,  the  calibration  equation  is 

Y  = -0.3821 +0.00108(X)  (1) 

where  Y  is  the  pyrometer  output  in  units  of  volts,  and  X  is  the  thermocouple  output  in  units  of  °C.  The 
calibration  equation  has  a  correlation  coefHcient  of  0.9961 .  Figure  2  is  a  plot  of  pyrometer  output  (volts) 
versus  thermocouple  output  (°C). 

When  alternating  current  (ac)  is  passed  through  metals,  the  possibility  of  skin  effects  must  be 
examined.  Skin  effects  occur  when  current  is  alternating  back  and  forth.  The  internal  effects  tend  to  force 
the  current  to  flow  in  the  outer  portion  of  the  conductor  [5].  For  tungsten  with  a  resistivity  of 
5.5  X  10*8  ohms-m.  The  (diameter)  thickness  beyond  which  the  skin  effect  is  significant  is  1 .7  cm.  This 
is  greater  than  the  specimen’s  diameter  of  0.635  cm,  therefore  skin  effects  should  not  affect  the 
uniformity  of  specimen  heating. 

One  of  the  most  difncult  problems  encountered  in  high  temperature  mechanical  testing  is  the 
measurement  of  strains,  especially  at  dynamic  loading  conditions.  The  maximum  temperature  which  can 
be  sustained  by  the  foil  strain  gages  is  around  270°C.  High  temperature  weld  able  strain  gages  can 
survive  at  temperatures  up  to  1400®C  but  are  limited  to  maximum  of  0.5%  strain,  and  their  cost  is 
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prohibitive  Clip  gages  and  ej.tensometers  constitute  alternate  measuring  techniques  These  devices  are 
mechanically  fragile  and  must  be  removed  prior  to  specimen  failure  Furthermore,  the  maximum 
response  time  of  ordinary  extensometers  is  about  10  Hz  which  is  much  too  slow  for  the  high  strain  rate 
test  A  laser  has  been  utilized  in  the  optical  tracking  method  [6]  which  requires  attaching  two  flags  to  tiie 
specimen  as  targets.  The  disadvantage  is  that  at  large  plastic  deformations,  the  targets  could  be  out  of 
range  of  the  viewport  A  second  type  of  laser  extensometer  utilizes  a  dual  frequency  laser  beam  and  the 
natural  diffraction  which  occurs  on  specimen  surface  [7],  the  draw  back  is  it's  limited  ability  to  measure 
at  maximum  strain  rate  of  1  s'V 


Temperature  (X) 


Figure  2  Pyrometer  calibration  curve  of  97. 2%  W  specimen  in  an  inert  atmosphere 

Since  there  were  no  extensometers  available  that  could  meet  the  requirements  of  being  able  to 
withstand  high  temperatures,  with  ability'  to  measure  at  strain  rates  of  5  s’V,  and  reasonable  cost,  a 
special  optical  extensometer  was  designed  and  built  This  device  is  based  on  the  detection  of  changes  in 
light  intensity.  The  variation  from  a  diffraction  pattern  is  sensed  by  an  optical  switch  that  outputs  an 
electrical  impulse,  and  then  recorded.  Figure  3  is  c  schematic  of  the  output  from  the  optical  extensometer 
and  the  load  cell  The  extensometer's  calibration  is  2  1 5x10*^  ±  8  7x  lO'^  cm  from  peak-to-peak  The 
optical  switch  has  a  rise  time  of  six  microseconds  This  enables  the  extensometer  to  operate  at  a 
maximum  strain  rate  of  1 1  8  s'* 

The  lenses  are  mounted  in  sliders  with  ceramic  knife  edges  as  showm  in  Figure  4  To  maintain 
proper  alignment  and  contact,  a  second  set  of  sliders  is  mounted  opposite  the  first  set  Spring  loaded  tie 
bolts  connect  opposite  sliders  and  provide  clamping  action.  Ceramic  knife  edges  secure  the  sliders  to  the 
specimen  and  also  provide  thermal  and  electric  isolation  from  the  gage. 
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3 


0.04 


Figure  3.  Typical  extensometer  and  load  ceil  output  signals 

The  gage  length  is  represented  by  the  initial  distance  between  knife  edges.  At  fracture,  the  sliders 
separate  and  each  half  remains  attached  to  its  portion  of  the  specimen.  Reassemble  requires  simply 
slipping  the  two  haives  together. 


CERAMIC 
KNIFE  ED<3ES 


Figure  4.  Schematic  of  optical  clip  gage  attached  to  specimen. 
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Discussion  of  Experimental  Results  and  Modeling 


This  section  discusses  the  experimental  results  and  the  modified  Johnson-Ccok  matenal  model. 
From  the  stress-strain  curves  at  various  strain  rates,  temperatures  and  heating  rates,  failure  stress,  failure 
strain,  0  2%  oiVset  yield  point,  and  the  modulus  of  elasticity  were  obtained.  A  summary  of  results  are  in 
Table  4 


Table  4.  Average  Mechanical  Properties  of  97  2%  W  Alloy  at  Various  Strain  Rates 


Number 

of 

Tests 

Strain 

Rate 

(sec**) 

Temperature 

(°C) 

Heating  Rate 
(°C/sec) 

Average 

Failure 

Stress 

MPa 

Average 

Failure 

Strain 

(%) 

Average 

0.2% 

Offset 

Vield 

Point 

MPa 

Average 

Modulus 

of 

Elasticity 
GPa  ’ 

4 

10-4 

25 

isothermal 

1110 

1.0 

1106 

378 

5 

10*2 

25 

isothermal 

1230 

09 

1248 

359 

4 

5 

25 

isothermal 

1500 

06 

1490 

372 

2 

5 

727 

isothermal 

250 

0  58 

240 

81 

2 

5 

727 

5.4 

229 

0  57 

250 

90 

2 

5 

727 

536 

378 

0.67 

367 

82 

2 

5 

1097 

536 

143 

0,44 

150 

71 

The  stress-strain  curves  were  plotted  for  each  set  of  specimens  using  average  data,  to  exam  the 
effect  of  strain  rate,  heating  rate,  and  temperature.  The  affect  of  strain  rate  is  displayed  in  Figure  5  for 
the  room  temperature  isothermal  specimens,  the  "X"  symbols  denote  specimen  failure  The  specimens 
were  tested  in  tension  at  three  strain  rates,  10*^  s**,  10*1  s*^  and  5  s'*  Increase  in  the  strain  rate  from 
lO"'*  S'*  and  5  s'*  increased  the  yield  point  from  1 106  MPa  to  1490  MPa,  respectively  The  same 
increase  in  strain  rate  caused  an  increased  failure  stress  of  35%  The  strain  at  failure  decreased  from  1% 
to  0.6%  for  an  increase  in  strain  rate  from  10"^  s'*  to  5  s'*  In  the  next  set  of  expenments  different 
temperatures  were  used,  but  the  heating  rate  and  strain  rate  were  held  constant  at  536°C/sec  and  5  s'*, 
respectively  The  results  of  these  experiments  are  shown  in  Figure  6  As  the  temperature  increased  the 
yield  point  and  failure  stress  decreased,  at  a  temperature  of  727°C  the  yield  point  was  367  MPa  This 
decreased  to  150  MPa  with  an  increase  in  temperature  to  I097°C 
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Figure  5.  Average  stress-strain  results  for  97.2%  W  alloy  at  25''C, 
displaying  etTect  of  strain  rate. 


Figure  6  Effect  of  temperature  on  97.2%  W  alloy 
at  a  constant  strain  rate  and  heating  rate. 


The  heating  rate  effect  is  displayed  in  Figure  7  The  temperature  and  strain  rate  were  held 
constant  at  727°C  and  5  s'^  respectively  Three  heating  rate  conditions  were,  isothermal,  5  4°C/sec  and 
536°C/sec  For  the  same  temperature  and  strain  rate  the  yield  stress  for  isothermal  and  5  4°C/scc 
experiments  were  almost  the  same,  240  MPa  anri  250  MPa,  respectively.  For  a  heating  rate  of  536®C/scc 
the  yield  stress  increased  to  372  MPa  The  strain  at  failure  and  the  modulus  of  elasticity  were  not 
significantly  affected  by  the  heating  rate. 


Figure  7  Effect  of  heating  rate  on  97  2%  W  alloy  at  IITQ  and  strain  rate  of  5  see"  I 

These  results  indicated  that  for  small  hearing  rates  i  c  ,  5  4°C7sC';  yield  stresses  and  How  stresses 
do  not  increase,  but  for  larger  heating  rates  of  536°C/scc  there  is  an  increas  in  yield  stresses  and  failure 
stresses  Using  these  sets  of  data  the  effects  of  strain  rate,  heating  late  and  temperaturr  were  modeled 
The  Johnson-Cook  (J+C)  material  model  was  chosen  because  it  is  an  uncoupled  model  with  strain  laie 
and  temperauire  terms,  therefore  a  heating  rate  term  can  easily  be  included  The  fonn  of  Johnson-Cook 
is: 


O-  (A-fBe^Xl  C  lnfJ(l-((T-Troorn)  /  (TmcIt'Troom))'^)  (.-) 

where  A  -  1400  MPa 

B  =  1500  MPa 

n  =  0,7 
C  -  0014 
m  =  0  1 


y 


These  five  constants  were  experimentally  determined  from  the  results  in  this  study  and 
compression  results  on  same  material  from  Pefercnce  8  The  melting  temperature  of  the  nickel-iron- 
lungsten  matrix  matenal  was  choosen  for  T  n-iclt  (9)  The  value  for  Tniclt  'S  1 525°C  The  affect  of  heating 
rate  is  net  accounted  for  by  the  Johnson-Crxjk  modci  Therefore  the  model  must  be  modified  to  account 
for  the  high  heating  rale  efTeci  Since  the  cl"cct  of  healing  rate  is  similar  to  strain  rale,  (increase  in  strain 
rale  or  healing  rate  yields  increase  in  siiosj,  and  because  the  limited  experimental  data  acquired  indicates 
a  logarithmic  relation  between  heating  rate  anu  ^  'cld  stress,  an  equation  similar  to  the  strain  rate  term  was 
used  The  heating  rate  term  is 

1  •»  (  O  •  Infi+t))  (3) 


where  "C  "  IS  the  heating  rate  constant  in  units  of  sec/*C.  and  the  heating  rate  is  t  is  in  units  of ''C/sec 
The  healing  rate  term  chenges  the  material's  calculated  sress  as  a  function  of  rate  of  temperature  change 
At  low  heating  rates  the  calculated  stress  would  not  be  changed,  but  as  the  heating  rale  is  increased  the 
heating  rate  icrni  would  be  greater  thon  one  arid  this  wi*uld  cause  an  increase  in  the  calculated  sires  'he 
modified  Juhrison-('cx)k(MJ  *0  model  has  the  fullowing  form, 

0  ••  (A  ■!  li  c'’)(  I  ♦  C  lng(  1  -((1  ■  I  fixnii)  ^  ( I  melt*  I  fooiri))'") 

(1  •>  (  (.;  *  l.i(P'))))  (1) 

where  ihc  six  corislunis  arc 

A  "•  1400  MPa 
13  •  1500  MPa 
n  0  7 
C  -*  0014 
fir  •  0  1 

(j  “  oo8»cc.^’c: 


7u  obtain  the  value  (or  ”(/'  the  model  was  fitted  to  the  high  ticaliiig  rale  plastic  sircss-sliain 
results  at  7,!7''('  with  a  healing  rale  of  530''CVs  1  he  high  lieaiiiig  rale  and  isothermal  results  at  a 
Ictnpcraiuic  of  727^C  along  with  the  MJ '  C  model  rciulti  arc  in  l  iguic  8  Hy  adding  the  heating  rale 
term  with  u  value  ofO  08  (or  "fJ"  the  MJ '  C  niodel  duplicates  the  plastic  cxpciimcnial  results  very  well 
The  Julinsoii-Cook  iuckJcI  is  only  used  to  model  llic  pinsiit  bchnvioi  ol  inaleiiul,  Ihciefuie  Ihc  elastic  pan 
ofstrexs  stiain  curve  is  nut  used  in  filling  the  MJ*C  model 
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Figure  8  Isothermal  and  536°C/sec  heating  rate  experimental  and  model 
results  at  a  temperature  of  727°C,  and  strain  rate  of  5  s'V 


To  test  how  well  the  MJ+C  mode!  accounts  for  the  stress  increase  due  to  heating  rate,  the  model 
was  compared  with  other  experimental  data  at  different  heating  rates,  temperatures  and  strain  rates 

Figure  6  displays  data  at  a  heating  rate  of  536'’C/sec  and  various  temperatures  and  Figure  7  has 
di'a  at  various  heating  rates  and  a  temperature  of  727°C.  Using  these  sets  of  data  the  MJ+C  model  can 
be  tested.  For  the  case  of  a  high  heating  rate  at  different  temperatures,  the  comparison  of  experimental 
data  and  MJ+C  model  is  in  Figure  9  The  two  test  temperatures  were  12VQ,  and  1097°C.  The  MJ-t  C 
model  wa.s  calibrated  with  the  727°C  test  ("G"  constant  was  obtained  from  that  test  data),  therefore 
experiment  and  MJ+C  model  should  compare  very  well.  The  other  data  set  was  the  test  case.  The 
magnitude  of  stress  in  die  1097®C  test  was  less  than  the  MJ+C  model  prediction  The  difference  in  flow 
stress  between  experimental  and  model  results  at  a  strain  of  0  003  strain  was  25  MPa.  This  diference  is 
attributed  to  inacuracics  in  the  J+C  model  temperature  term  flO]  More  experiments  and  modification  of 
the  temperature  term  will  be  required  to  eliminate  these  differences  in  flow  stress  between  model  and 
experimental  results. 
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Figure  9.  Comparison  of  MI+C  model  and  experimental  data  at  various  temperatures, 
heating  rate  of  536°C/sec,  and  strain  rate  of  5  s*  * 


The  model  was  applied  to  data  from  tests  conducted  at  same  temperature  and  strain  rate  with 
different  heating  rates.  TTiere  were  two  heating  rates  used  5.4°C/sec  and  536"C/sec.  The  536°C/sec  data 
set  was  used  to  calibrate  the  MJ+C  model.  The  model  was  tested  on  the  5.4°C/sec.  The  model  predicted 
the  magnitude  of  flow  stress  at  0,004  strain  very  well,  as  shown  in  Figure  10.  The  model  does  not 
simulate  the  drop  off  in  stress  magnitude  beyond  0.004  strain.  This  decrease  in  stress  magnitude  can  not 
be  explained  at  this  time. 
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Figure  10  Comparison  of  MJ+C  model  and  experimental  data  at  various 
heating  rates,  temperature  of  727°C,  and  strain  rate  of  5  s'V 

Conclusions 

Tension  stress-strain  data  was  acquired  at  strain  rates  between  10"'*  s’*  to  5  s’*,  temperatures 
between  25°C  (room  temperature)  and  1097°C,  heating  rates  of  5.4°C/sec  and  536°C/sec  and  isothermal 
conditions.  There  is  clear  indication  from  results  that  this  material  is  sensitive  to  strain  rate,  heating  rate 
and  temperature.  A  modified  Johnson-Cook  material  model  was  proposed  to  include  the  effect  of  heating 
rate.  The  constants  in  the  modified  Johnson-Cook  model  (MJ+C)  were  determined  based  on  the 
experimental  results.  This  model  accounts  for  the  effects  of  strain  rate,  heating  rate  and  temperature. 
Although  the  MJ+C  model  tested  well  at  different  heating  rates,  it  only  tested  fair  to  diferent  test 
temperatures  To  resolve  the  inaccuracies  in  model  predictions  more  experiments  and  further 
modification  of  MJ+C  will  be  required.  The  constants  in  MJ+C  material  model  are  applicable  only  for 
the  strain  rate,  heating  rate  and  temperature  ranges  used  in  this  study. 
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